of the resultsreportedby Manningerand Nogr4di, was successful in producing encapsulated mutants from unencapsulated strains of B. anthracis. He showed that the mutant isolated by Manninger and NogrAdi (1948) possessed capsular antigens common to both B. anthracis and B. mesentericus as well as other antigens not found in either of these species, and drew comparisons between this system and that involved in pneumococcus capsule type transformation reactions (McCarty, 1946) . Later Tomcsik (1950) reported the observation of motility in some of the cultures of encapsulated mutants and showed that the motile mutants were related, both serologically and morphologically, more closely to B. anthracis than to any of the saprophytes tested. However, the motile mutants had lost their pathogenicity for test animals. A general review of the literature on the subject of transformation reactions of bacteria has been published by Austrian (1952) . Subsequently, Zinder and Lederberg (1952) described, in salmonellae, a type of genetic exchange which they designated "transduction". Evidence that specific desoxyribonucleic acid can direct the inheritance of certain traits in Neiseria meningitidis was presented by Alexnder and Redman (1953) . The production of toxigenic mutants of Corynebacterium diphtheriae as a result of treatment with bacteriophage was reported by Freeman (1951) .
It is the purpose of this paper to describe the isolation, from a naturally occurring lysogenic culture of B. anthracis, of an agent capable of conferring motility upon certain strains of B. anthracis and to discuss the pomsible role of desoxyribonucleic acid (DNA) in this phenomenon. The characteristics of the motile B. anthracis organisms are described, and their relationship to B. cereus and B. anthracis are discussed.
MATERIALS AND METHODS
A search first was undertaken for a phage capable of lysing both motile and nonmotile forms of various species of the genus Bacius, since it was felt that transduction might be mediated best through such an agent. For this purpose 93 strains of B. anthracis and 46 strains of other species of the genus BaciUlu were examined for lysogenicity. The 139 cultures yielded 32 phages, obtained as follows: 50 ml of heart infusion broth (HIB, Difco) were inoculated with the host organism, incubated at 37 C on a rotary shaker for 2 to 4 days, and passed through a Seitz E K G filter. After the filtrates
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were tested for bacterial sterility,2 they were screened for phage by testing their ability to lyse a series of indicator strains. For titration, 0.2 ml of a 6 hour broth culture of each indicator strain was spread over the surface of a nutrient agar plate and allowed to dry for 15 minutes at 37 C, following which 0.1 ml of each given phage dilution (tenfold dilution series) was spread over the surface of the plate, which then was incubated at 37 C. All titrations were done in duplicate and read at intervals up to 24 hours. Titers were calculated in terms of the number of plaques produced per ml of the undiluted phage.
In the course of these experiments, 103 strains of B. anthracis, 47 of B. cereus, 30 of B. cereus var. mycoides, 30 of B. megaterium, and 10 of B. #ubtili were investigated. All strains were tested periodically for purity. The histories of 7 of the B. anthracis strains (Brown and Cherry, Cultures were tested repeatedly in transmigration and semisolid media to exclude the possibility that motile mutants had occurred 2 Controls for bacterial sterility on all phages were carried out as follows: 1 to 10 ml of each phage were inoculated into 100 ml of HIB and checked for bacterial growth for periods up to 60 days. At the same time plates of nutrient and heart infusion agar (HIA) were streaked with 1.0 ml aliquots of the phages and, after incubation both at 37 C and at room temperature, were examined for evidences of bacterial growth.
spontaneously. Furthermore, each time that a culture was exposed to phage in an attempt to induce motility, a comparable inoculum of unexposed culture was plated in semisolid or in transmigration medium. Motility was never observed in these control cultures. In induction experiments, sterile broth was used regularly as a phage control, and phage inactivated by boiling for 30 minutes was used several times.
The symbiotic phage (omega) which was used successfully to induce motility was reisolated from its host strain (Ohio) from time to time to eliminate the possibility of latent contamination of any one batch of phage.
The range of activity of each symbiotic phage was determined by testing it on a number of cultures of B. anthracis and B. cereus as described previously.
Induction of motility was tested for as follows: 1.0 ml of bacteriophage was inoculated into a 50 ml HIB culture of the test organism (usually a 1 to 2 hour eulture grown on the shaker as described above), this mixture was placed on a rotary shaker, incubated at 37 C for 24 hours, and the culture examined microscopically for motility. Aliquots (0.05 ml) of each phage-cell mixture then were added to each of 8 to 10 tubes containing 10 ml of tranamigration mediuxm (Nordberg, 1953) , were incubated at 37 C, and observed periodically for motility. An alternative procedure was that of centrifuging the phagebacteria cultures and placing 0.05 ml of the sediment on the surface of the transmigration medium. It was found later that more rapid results could be obtained by using plates containing 10 ml each of the semisolid agar of Edwards and Bruner (1942) . Freshiy prepared plates of medium were inoculated by spreading 0.01 ml of phage-cell mixture in a line across the center of the plate. A control plate, utilizing sterile broth instead of phage, was made for each culture tested in order to exclude the possibility that spontaneous motility had occurred.
The morphological and biochemical characterization of all strains was studied by means of the procedures described by Smith et al. (1952) . Colonial characteristics were studied on potato glucose agar, 10 per cent rabbit blood agar, and nutrient agar and heart infusion agar; the type of growth in nutrient broth was noted also. The susceptibility of all cultures to both W and Gamma phages Cherry, 1955) was 1955] determined. Following the technique of Nordberg (1953) (Brown and Cherry, 1955) growth which tended to adhere to the gls walls of the tube. These cultures were more aerobic in growth characteristics than were their nonmotile precursors. The growth of motile mutants on infusion agar tended to be thinner, more gummy, and more tenacious than that of their progenitors. These observations suggest a change in the nature of the cell surface, and such changes may be related to a possible increase in the pathogenicity of the motile strains.
The manifestation by the motile mutants of motility on semisolid agar or in tranTmigration 
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t "A"indicates acid production. tAll negative fermentation tests were held for a minimum of three weeks. media appeared to be a two-step process. The first stage was the formation of "microcolonies", which sometimes remained static but characteristically were precursors of a second stage in which the organisms migrated throughout the medium. The "microcolonies" took the form of filaments just beneath the surface, from which the motile organisms broke loose and swarmed throughout the transmigration medium. On semisolid plates the first stage appeared as a slight transparent bulb which formed along the margin of growth and from which cells subsequently swarmed across the plate. Figure 1 shows the two stages of motility in tubes of transmigration media; figure 2 shows the first stage on semisolid media after 10 hours' incubation; and figure 3 shows the same plate after 72 hours' incubation. The two stages occurred almost simultaneously in strains N.C. and Ax 189, while in other strains (Ax 16, UK 19NV, 1014, and UK 11) several days might elapse from the appearance of the "microcolony" until the appearance of actively motile organisms. When these "microcolonies" were removed and examined microscopically, they were found to consist of sluggishly motile cells. in doses of 1.0 ml; all motile mutants produced fatal infections within 9 days. The gross lesions produced by the parent B. anthracis organisms and by the motile mutants were identical and were consistent with those of classical anthrax as described in the literature. Impression smears from the spleens of all animals revealed the presence of typical encapsulated organisms. Cultures obtained from the spleen or heart blood were found to be pure, and no changes in motility were observed.
Experiment 3
The effect of purified desoxyribonuclease and of extracellular products of Group A streptococci on the motility inducing agent and on the phage itself. Since the work of Tomesik (1950) indicated that desoxyribonucleic acid was concerned in the transformation of capsular material and perhaps in the production of motility in B. anthracis, it seemed logical to investigate the role of DNA in the induction of motility by means of phage. DNA can be identified best in a complex mixture by determining its susceptibility to the action of desoxyribonuclease (DNase). Therefore a stock solution containing 1 mg per ml of purified enzyme (Worthington Biochemical Corp.) was prepared and, for use in the experiments, diluted to contain 1 ,g of enzyme per ml. The diluent consisted of a solution of 0.035 per cent of gelatin in distilled water which was made 0.025 M expected to increase the number of motile swarms. In summary, results of all experiments showed that motility usually was obtained in replicate aliquots plated immediately after mixing of phage and cells and always was apparent after 30 or more minutes of mixture incubation prior to plating.
A rough measurement of the proportionality of omega phage concentration to the frequency of induction of motility was obtained by exposing a constant volume of cells to a series of twofold dilutions of the phage. The titer of the undiluted phage used in this experiment was 5.9 X 107 plaque-forming particles per ml. The cell suspension contained approximately 4.7 X 106 .bacteria per ml as determined from a standard plate count corrected for average chain length of the bacterial filaments appearing in stained preparations. The results of this experiment are presented in table 7 and emphasize that the frequency of appearance of motile swarms is related to the concentration of phage added. Since each plate of semisolid agar received an inoculum of 0.2 ml of the cell-phage mixture, the estimated number of phage particles contained in this amount was recorded. The data suggest that an amount of lysate containing approximately 2.9 X 102 phage particles is needed for consistent induction of motility to a single organism of a suspension containing 9.4 X 105 cells.
Experiment 5
Behavior of the motility inducing principle in the high speed centrifuge. Further information relating to the degree of association between the omega phage and the motility inducing principle was obtained by studying the behavior of an active lysate when subjected to high speed centrifugation. Two tubes each containing 27 ml of cell-free lysate (omega/Ohio phage) were centrifuged for one hour at approximately 30,000 rpm in the Spinco AModel L preparative ultracentrifuge. Under these conditions the average centrifugal force of about 78,000 x G would be expected to sediment rapidly particles having diameters in the range of 100 m,. Following centrifugation 15 ml of supernatant were removed from one tube, care being taken not to disturb the pellet, while the second tube was shaken vigorously to resuspend the sedimented material. as a control on possible deleterious effects on the active material produced by manipulation and aggregate formation during centrifugation. Fifteen ml aliquots from each of the above tubes and from a third tube consisting of the uncentrifuged lysate were filtered through separate millipore filters and tested for sterility by the inoculation of broth and semisolid agar.
The above preparations were tested, by the procedures previously described, for ability to induce motility in susceptible strains of B.
anthracis. An inspection of table 8 reveals that all of the activity was removed from the supernatant by centrifugation but that it reappeared upon resuspension of the sediment. These results suggest that the active DNA is physically associated either with the omega phage particles themselves or with other cellular fragments which were sedimented along with the phage.
DISCUSSION
The work of Tomcsik and his colleagues, as well as that of Manninger and Nogradi, indicates that some "specific substance" found in extracts of encapsulated motile organisms can be transferred to nonmotile, unencapsulated strains of B. anthracis in such a way that the latter become motile and encapsulated. Zinder and Lederberg (1952) . However, certain discrepancies, i.e., C/C, cannot be explained by "transduction", and an understanding of the nature of the genetic mechanism awaits further study. Apparently, factor(s) in the omega/Ohio lysate can be transferred to the susceptible strains in such a fashion as to cause them to become motile, and this motility is a reproducible, stable characteristic in subsequent generations. The active principle, unlike that of the salmonella system (Zinder and Lederberg, 1952) , was inactivated by purified DNase. In this respect it resembles the DNTA responsible for the transformation of capsular antigens of the pneumococcus (McCarty, 1946) and of H. infiuenzae (Alexander and Leidy, 1951 on November 13, 2017 by guest http://jb.asm.org/ Downloaded from the surface characteristics of the cells as well as the orientation of growth to more aerobic conditions suggest that basic changes other than the development of motility have occurred. The definition of the relationship of these changes to pathogenicity may be a problem of primary importance for the study of the pathogenesis of anthrax. No significant biochemical differences could be found between the motile and the nonmotile cultures of B. anthracis or between these and B. cereus. Our motile organisms appeared slightly more pathogeniC than the parent strains of B. anthracis.
At the present time B. anthracis and B. cereus are differentiated primarily on the basis of pathogenicity and motility. The experiments reported in this paper do not affect the validity of these characteristics for diagnosis even though spontaneously motile mutants of B. anthracis do occur occasionally. However, Nordberg showed conclusively that over 40 per cent of B. cereus strains were pathogenic for mice in doses commonly used in diagnosing anthrax. About 14 per cent of these produced fatal infections in guinea pigs while none was pathogenic for rabbits. Our experience has been similar. The artificial induction of motility in B. anthracis, as reported by Manninger and NogrAdi, and by Tomesik, and as described here, lends strong support to the classification of this organism as a variety of B. cereus, as suggested by Smith et al. (1952) . These results suggest an analogy with those reported by Stocker et al. (1953) , who were able to transduce motility to certain nonmotile mutants of some Salmonella serotypes which are characteristically motile. However, they could obtain only indirect evidence for the existence of genotypic flagellar determinants in characteristically nonmotile serotypes such as Salmonella pullorum and Salmonella gallinarum. The successful induction of motility in B. anthracis strengthens the belief that this organism is simply a nonmotile mutant of B. cereus or of a common antecedent.
Induction of motility in 6 of 89 strains of Bacillus anthracis was effected by means of a symbiotic phage (omega). Only one of 32 such phages isolated from bacilli had such activity. Omega phage propagated on nonmotile cultures of B. anthracis was as effective in engendering motility as was the same phage propagated on motile cultures of Bacillus cereus. The motile mutants did not differ significantly in virulence or with respect to cultural, morphological, and biochemical characteristics from the cultures of B. anthracis from which they were derived.
The induction of motility appears to be mediated by specific desoxyribonucleic acid carried by phage particles or fortuitously associated with them. Such a supposition is based on the evidence of inactivation of the inducing substance by extracellular products (enzymes) of Group A streptococci and by highly purified desoxyribonuclease. Although the frequency of successful transformations is high, little support can be given to the thesis of direct induction of motility solely as a result of lysogenization. Although the data suggest that genetically active fragments are carried from donor cell to recipient by means of phage lysates, certain discrepancies exist which are not consistent with the process of "transduction" as understood in the salmonellae.
The implications of these observations for the classification of Bacillus anthracis and Bacillus cereus and for the diagnosis of anthrax are discussed.
